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There is urgent need for a simple and robust technology to fabricate molecular-sized semiconductor nanoparticles (NPs) and different types of nanostructures with large yield^[@CR1]^. Electrochemical fabrication processes are technologically mature techniques^[@CR2]^ to produce different types of nanostructures because of their simplicity and cost-competitiveness^[@CR3],\ [@CR4]^. Different variants of electrochemical fabrication processes might be categorized into active and passive methods. In active electrochemical methods either external bias or photo-excitation, or the combination of the two is applied to introduce charge carriers, electron -- hole pairs or excitons that facilitate the chemical reactions leading to the dissolution of the material in the presence of etchants. In the passive electrochemical methods, either metal assisted or simple electroless wet chemical etching is applied. The latter is also called stain etching. Stain etching is the most advantageous technique as it can be employed to virtually any form of the material (powder, bulky or wafer), and no metal contacts, doping or illumination is required where the generality of the latter may be limited by the absorption cross section of the semiconductor and technological challenges caused by the harsh environment. However, the mechanism behind stain etching is largely unexplored that seriously limits its huge potential in fabrication of semiconductor nanostructures. For instance, wide band gap semiconductors, especially, silicon carbide^[@CR5]^ and nitrides^[@CR6]^ are exceedingly resistant against wet etchants.

Stain etching is usually described as an oxidation process. By forming a contact between the semiconductor surface and an electrolyte it is assumed^[@CR7]^ that a hole is injected into the valence band (VB), close to the interface, by a strong oxidant in the electrolyte. The presence of a hole in the VB reduces the strength of bonds in its vicinity and makes the substrate atoms susceptible to attack by nucleophiles that should be present in the solution too, and then it starts dissolution and pore formation of the semiconductor. The initiation of the electrochemical process requires hole injection into VB in this model. Here we demonstrate that electron injection to the conduction band (CB), a reduction step^[@CR8]^, is rather a predominant factor in the initiation of stain etching that facilitates chemical reactions in the solution that creates a strong oxidizing agent^[@CR9]^ that finally leads to hole injection into VB (see Fig. [1A](#Fig1){ref-type="fig"}). As a consequence, the interaction of the semiconductor surface with the solution leads to exciton generation without illumination or external bias by this multistep electrochemical process. We call this multistep process no-photon exciton generation chemistry (NPEGEC). In NPEGEC, electron injection is the crucial step, therefore, the etching process only starts when the conduction band minimum (CBM) energy lies below the redox potential of a redox couple in the electrolyte. This finding can be used to seek suitable etchants for such semiconductors where their dissolution has not yet been achieved so far. By understanding the nature of stain etching, one can design experiments with engineered macroscopic materials to produce many different nanostructures like patterned wires, anisotropic or monodisperse nanoparticles (Fig. [1C](#Fig1){ref-type="fig"}). Monodisperse nanoparticles may be achieved by stain etching when the average distance between the electron blocking layers (blue region with enhanced CBM energy) is about the twice the exciton Bohr radius of the etched material (yellow region in Fig. [1B,C](#Fig1){ref-type="fig"}). This is caused by the size-dependent band bending effect in nanosized semiconductors^[@CR10],\ [@CR11]^ (see Supplemental Materials for details).Figure 1The mechanism "no-photon exciton generation chemistry" (NPEGEC) for stain etching of semiconductors. (**A**) The blue region depicts a semiconductor with a larger band gap that is resistive against etching while the yellow region represents a suitable material. A redox couple with redox potential higher (more negative) than the conduction band minimum (CBM) energy can inject electrons into the conduction band (I). The oxidized molecule itself, or the molecule formed after further transformation in the solution (II) can inject holes into the valence band (VB) with a maximum energy of VBM (III). The generated excitons can recombine with photon emission with energy *h*ν or can lead to material dissolution. **(B)** In a material with spatially varying band structure selective etching is possible. The exciton Bohr radius limits the radius (R) of the final nanoparticle. **(C)** Patterned band structure in a macroscopic material can serve as a template for various nanostructures including patterned nanowires, anisotropic or uniform particles.

Silicon carbide (SiC) is an excellent model material to demonstrate NPEGEC and its application for nanoparticle engineering. SiC can crystallize in different polymorphs called polytypes with very different band gaps^[@CR12]^ but the same Si-C binding energies (see Supplemental Materials). Therefore the same chemical reactions are expected to occur on all polytypes. However, the cubic type of the material can be attacked with hot HF:HNO~3~ solutions leading to thin pore formation on the surface^[@CR13],\ [@CR14]^ while other polytypes are resistive to such chemicals. The reason for this selectivity has not been understood. We discuss this phenomenon by NPEGEC in stain etching. The VBM of SiC polytypes resides at +1.5 V vs SHE (standard hydrogen electrode)^[@CR15]^ which is considerably higher (more positive) than the redox potential of nitric acid +0.88 ± 0.05 V vs SHE for the possible redox couples^[@CR9],\ [@CR16]^ or of the well known active species, NO^+^. NO^+^ has a redox potential of +1.45 ± 0.05 V vs SHE^[@CR17]^, thus the pore formation of cubic SiC polytype should not occur at all by considering only hole injection as a driving force behind the pore formation. However, NPEGEC explains these observations. We suggest the nitrosyl ion (NO^−^), generated in the solution^[@CR18],\ [@CR19]^ as one of the active agents in stain etching of cubic SiC. NO^−^ is a very reactive species and the redox potential of NO^−^/NO is around −0.9 V vs SHE^[@CR9],\ [@CR20]^ that is above the CBM energy of cubic SiC but below the CBM energy of hexagonal polytypes (see Supplemental Materials). Thus, NO^−^ is oxidized to neutral NO radical at the cubic SiC surface while it injects an electron into the CB. The resultant NO radicals can inject holes to the VB (the NO/N~2~O redox couple has a redox potential of +1.6 ± 0.05 V vs SHE^[@CR9]^) that oxidizes cubic SiC (Fig. [S3](#MOESM1){ref-type="media"}). Finally, the nucleophile, HF, is able to dissolve this material. In the most common hexagonal polytypes, 6H and 4H (see Supplementary Materials), the CBM energies lie 0.4 eV--1.5 eV above the redox potential of NO^−^/NO. As a consequence, the formation of NO radicals is hindered so the oxidation process does not occur. We note that the lifetime of the NO radical is very short at elevated temperatures^[@CR21]^, and it reacts very efficiently with many molecules in the solution^[@CR22]^. As a consequence, the vast majority of NO radicals can be only found at the surface of 3C-SiC in the etching process, thus only the 3C-SiC part of a mixed cubic/hexagonal SiC can be etched efficiently.

We verify the CBM mediated mechanism of stain etching on SiC polytypes. First, we study the presence of NO^−^ in the hot HF:HNO~3~ solution. NO^−^ is known to rapidly reduce Cu^(II)^ ions^[@CR23]^, therefore, the presence of Cu^(II)^ ions in the solution could introduce competitive reactions with SiC^[@CR24]^. This should lead to substantial reduction of the etching process. Indeed, by adding CuF~2~ to the HF:HNO~3~ etchant, the resultant Cu^(II)^ stopped the nanoparticle formation (see Supplemental Materials). Second, the presence of excitons in the etching process is demonstrated. If electrons and holes are simultaneously injected by chemical processes then these generate excitons that may recombine either non-radiatively by phonons or Auger-processes, or radiatively by emitting photons, where the latter can be detected by photodetectors. Indeed, we observe luminescence during stain etching in dark without applying any external bias (see Fig. [2A](#Fig2){ref-type="fig"}). The emission exhibits a maximum at around 610 nm with a shoulder at 535 nm. The emission with a maximum at around 610 nm was already reported in previous studies on porous 3C-SiC using different excitation methods associated with the surface defects of SiC created by etching^[@CR25]--[@CR28]^. As our etching continuously creates porous SiC, a similar spectrum may be expected when the band-edge-to-defect-level optical transition is associated with this luminescence spectrum. The wavelength of the other emission center coincides with the indirect band gap of 3C-SiC (see Supplemental Materials), that we associate with the phonon mediated emission between the band edges of 3C-SiC. This experimental fact implies that free electrons and holes are generated during the etching process. We note that the etchants themselves do not produce such a chemilumenscence spectrum^[@CR29]^. We further note that the chemiluminescence spectrum of surface related defects implies an occupied or empty defect level in the fundamental band gap of 3C-SiC that resides around 0.3 eV with respect to either the VBM or the CBM, respectively. We did not find any evidence about the role of surface defect states in the etching process. Nevertheless, if they play an active role then they would not change the NPEGEC model but slightly alter the effective value of the "VBM" or the "CBM" of 3C-SiC.Figure 2Characterization of SiC particles prepared from different SiC sources. (**A**) The measured chemiluminescence during stain etching of SiC. (**B**) TEM images of nanoparticles prepared from pure 3C-SiC (sample I), 3C-SiC with 15% fraction of hexagonal inclusions (sample II). (**C**) Size distribution of samples I and II ﻿﻿﻿which was taken from more than 300 NPs that were observed in several different ﻿TEM images. (**D**) UV-VIS absorption and emission of samples I and II. Sample II contains larger particles, therefore, the luminescence is red-shifted^[@CR31]^. (**E**) UV-VIS absorption and emission spectra of 6H-SiC nanostructures.

The selectivity of NPEGEC can be used to fabricate different types of nanostructures by engineering 3C/6H-SiC heterostructures. The polytype selectivity was already shown on patterned SiC nanowires^[@CR13]^ where the selectivity of such etchant was used to dissolve 3C-SiC from 3C-SiC/6H-SiC matrix (see Figs [1C](#Fig1){ref-type="fig"} and [S3](#MOESM1){ref-type="media"}). While patterning in a selective etching process is evident, we propose here, that the alternation of the CBM energy in a macroscopic system can be also used to tune the size distribution of nanoparticles prepared by stain etching (Fig. [1B](#Fig1){ref-type="fig"}). Hexagonal inclusions in cubic SiC act as blocking layers for CB electrons that can quasi homogeneously appear in the bulk cubic matrix. These hexagonal inclusions are stacking faults (SF) in 3C-SiC that may be described as small hexagonal polytype inclusions (see Fig. [S1](#MOESM1){ref-type="media"}). As the SF concentration increases, the distance between two SFs decreases. If the distance between SFs approaches twice the exciton Bohr radius then the etching will stop due to the size-dependent band bending of the semiconductor particles (see Fig. [S3](#MOESM1){ref-type="media"} and the text in the Supplementary Materials). As a consequence, the population of SiC NPs with size close to twice the exciton Bohr radius will dominate with forming a quasi monodisperse distribution (see Fig. [1B,C](#Fig1){ref-type="fig"}). Particularly, by assuming that SFs are uniformly distributed and ordered to form small 4H-SiC inclusions consisting of one cubic bilayer sandwiched by two hexagonal bilayers (see Fig. [S1](#MOESM1){ref-type="media"}) then 15% SF concentration shall lead to an average distance of 5 nm between two SFs that is twice the exciton Bohr radius in 3C-SiC. At this condition, the diameter of the etched SiC NPs should be around 5 nm.

To demonstrate such phenomenon, we synthesized 3C-SiC powder with about 15% concentration of hexagonal inclusions by a robust and high output method (see Fig. [S2](#MOESM1){ref-type="media"} and the text in the Supplementary Materials) and we prepared nanoparticles from them by etching. The differences in size distribution of NPs produced from different SiC sources can be readily observed on the transmission electron microscopy (TEM) images (Fig. [2B](#Fig2){ref-type="fig"}). Figure [2](#Fig2){ref-type="fig"} also shows the size distribution (Fig. [2C](#Fig2){ref-type="fig"}), and optical properties of SiC NPs (Fig. [2D](#Fig2){ref-type="fig"}) that were prepared from SiC powder of 0% (sample I) and 15% (sample II) SF fractions, respectively. Sample I contains 1--4 nm particles with emission at around 450 nm^[@CR30]^. Sample II contains a significant amount of 4--6 nm particles (Fig. [2B,C](#Fig2){ref-type="fig"}) and shows a redshift in the luminescence (Fig. [2D](#Fig2){ref-type="fig"})^[@CR30]^. We note that we define SF fraction as diffracted intensity fraction attributed to inhomogeneities in the crystal which correlate with the SF concentration (see Fig. [S2A](#MOESM1){ref-type="media"}). However, SFs in our 3C-SiC microcrystal are not evenly distributed and do not always form 4H-SiC inclusions that leads to variation of distances between SFs. As a result Sample II still contains a significant number of particles with diameter less than twice the exciton Bohr radius. Nevertheless, this finding clearly demonstrates (see also Fig. [S4](#MOESM1){ref-type="media"}) that the size of the fabricated SiC NPs can be controlled by varying SF concentration, i.e., polytype inclusions in the SiC microcrystal.

Finally, we used the mechanism of NPEGEC to find suitable etchant for 6H-SiC, too. The dithionate (S~2~O~6~ ^2−^) ion decomposes above 70 °C^[@CR32]^ and various ions and radicals can form^[@CR33],\ [@CR34]^ including SO~3~ ^2−^ with a reduction potential of −1.36 ± 0.24 V at the SO~3~ ^2−^/S~2~O~4~ ^2−^ redox couple^[@CR35]^ that can inject electrons into the CB of 6H-SiC. Figure [2E](#Fig2){ref-type="fig"} shows the absorption and emission spectra of 6H-SiC NPs made by NPEGEC etching of 6H-SiC in HF:K~2~S~2~O~6~ electrolyte. The emission is similar to other polytype NPs^[@CR36],\ [@CR37]^ because of the surface state related emission^[@CR38]^, however, the absorption edge is blue shifted from 450 nm of 3C-SiC to 400 nm of 6H-SiC because of the enlarged band gap of the 6H polytype.

Polytypism is known for many other compound semiconductors. Particularly, during the growth of semiconductor nanowires, polytype inclusions were identified^[@CR39],\ [@CR40]^. These polytype inclusions alter the band edge energies similarly to the polytypes of SiC. Our findings on stain etching provide a method to find suitable etchants that have redox potentials between the CB energies of the corresponding polytypes, in order to realize polytype selective etching. This effect leads to the formation of patterned nanostructures or NPs. In Fig. [3](#Fig3){ref-type="fig"} we plotted the VBM and CBM energies of technologically important semiconductors at pH 0 that exist in different polytypes (at least, in the form of nanowires) and suitable for selective etching. HNO~3~ etchant selectively etches polymorphs of bio- and hemocompatible SiC^[@CR41],\ [@CR42]^ but other etchants may be chosen for other materials where the preselection should be based on the corresponding redox potentials (see the database in ref. [@CR16]). Our finding paves the way toward the design of etching strategies for efficient production of semiconductor nanoparticles that are applied in diverse areas such as chemical and electrical sensors, photovoltaics, or quantum electronic devices that may accelerate the scientific research and technological advance in a wide range of fields.Figure 3Alignment of band edge positions for semiconductors with different polytypes is depicted where the horizontal line represents the level vs. standard hydrogen electrode (SHE) of the redox potential of NO/NO^−^ which is a strong reducing agent in HNO~3~ etchant^[@CR43]^. References about the data of band edges can be found in the Supplementary Materials.
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